ABSTRACT Male rabbits received 20 Mg/ml of cadmium in drinking water for nine months. At the end of the treatment aortic vascular resistance was increased, whereas maximum rate of increase in left ventricular pressure, aortic blood flow, stroke volume, cardiac output, left ventricular minute work, and left ventricular stroke work were reduced. Arterial blood pressure, heart rate, and the index of myocardial oxygen consumption were not modified. The exposed rabbits also showed reduced pressor responses to vagotomy, increased cardiovascular responses to angiotensin I and II and isoprenaline, and lower responses to serotonin and guanethidine; the bradycardia induced by clonidine was augmented; the cardiovascular effects of bilateral carotid occlusion, hexamethonium, phenylephrine, histamine, acetylcholine, tyramine, papaverine and verapamil were unaltered. In the treated rabbits cadmium was appreciably higher in the kidney than in the heart; however, renal concentrations of cadmium were lower than those reported as critical for workers exposed to cadmium. Zinc was increased in the kidney but not in the heart, whereas copper remained unchanged in the examined organs. In rabbits treated with cadmium the increased aortic vascular resistance and the reduced myocardial contracility contribute to preserve a haemodynamic equilibrium without alteration of blood pressure and heart rate; the question of whether a similar condition may be present in people exposed to cadmium with normal caradiovascular parameters is discussed.
Exposure to cadmium has been found to affect renal function both in workers' and in the general population2 and a relation between cadmium concentrations in the liver and heart disease has been reported.3 An increased mortality from cardiovascular disorders was observed in a population with low molecular weight proteinuria living in a cadmium polluted area.4 On the other hand, there are controversial data on the role of cadmium in inducing hypertension.' 5 6 It seems likely that in the development of hypertension in man the effects of the concomitant exposure to several elements and interactions with other variables may play a significant part.7
In a previous study we discussed the mechanisms by which chronic cadmium exposure may affect the cardiovascular system.8 In that study of chronically Cd exposed male rats we found evidence for arterial Accepted 3 February 1986 hypertension, increased cardiac inotropism, reduced heart rate (in the group treated with the lower dose), and an altered vascular response to noradrenaline, adrenaline, angiotensin I, and bradykinin. Moreover, in other investigations we showed in male, but not in female, Sprague-Dawley rats exposed to cadmium an arterial hypertension negatively correlated with the urinary kallikrein excretion.9 10 The Cd induced hypertension observed in these studies was related to an increase of stroke volume or peripheral resistance, or both, whereas the bradycardia was related to an activation of the afferent baroflex pathways or to a depression of the excitability of the sinoatrial node through a direct effect or both.
The present study was performed to evaluate in chronically cadmium exposed rabbits some mechanisms regulating cardiovascular homeostasis. The purpose was to obtain further data which may be use- Mechanisms of cardiovascular regulation in male rabbits chronically exposed to cadmium 
Results
No difference in behaviour, growth rate, and final body weight was found in the two groups of rabbits. Systolic, diastolic BP, HR, and MOC were not affected by the treatment with cadmium. On the other hand, in the exposed animals AVR was increased, whereas dLVP/dt, ABF, SV, CO, LVMW, and SW were significantly reduced (table 2). The exposed rabbits showed a decrease in the pressor response to vagotomy and no modifications in the pressor, chronotropic, and inotropic responses to BCO (table 3) . The hypotensive and positive inotropic responses to isoprenaline (stimulating both f,l-and 132-adrenoceptors) and serotonin were reduced by the treatment, whereas the hypertensive responses to angiotensin I and II were potentiated; furthermore, these two physiological agonists produced in the exposed group, respectively, a potentiation of the negative inotropic and chronotropic effects. The effects of histamine and acetylcholine were not modified by cadmium.
Tyramine (a drug exhibiting sympathomimetic effects by inducing a rapid and brief displacement of noradrenaline from axonal postganglionic adrenergic terminals) and hexamethonium (leading to sympathoand parasympathoplegic effects by blocking the transmission in autonomic ganglia) showed similar cardiovascular responses in the two groups of animals (table  4) . Similarly, papaverine (a non-specific vascular ISignificantly different from control (p < 0-05).
smooth muscle relaxant) and verapamil (a calcium antagonist which inhibits both in cardiac and smooth muscle the slow calcium influx through receptor operating channels) produced similar effects in the treated and control animals. Clonidine (reducing the sympathetic tone, primarily by stimulating central presynaptic or postsynaptic a-adrenoceptors, and enhancing vagal reflexes) was administered by intracarotid infusion to minimise its peripheral a-adrenoceptor stimulating properties. Consequently, the intracarotid infusion of the drug induced arterial hypotension, bradycardia, and depressed cardiac inotropism all reached the maximal value after a 5-7 minute period of infusion. The exposed rabbits showed an increase in the clonidine induced bradycardia without modification of BP and inotropic responses. Guanethidine (depleting the stores of norepinephrine in the peripheral sympathetic nerves with possible transient sympathomimetic effects) did not induce an increase in BP in either treated or control groups. Moreover, the treated rabbits showed a decrease in the hypotensive response to the drug whereas the negative inotropic effects were not modified. No alterations were found by light microscope examination of the kidney, heart and vessels of the treated rabbits.
The concentrations of cadmium was greatly augmented in the kidney of the exposed rabbits (table 5). tSignificantly different from control (p < 0-05).
The heart of the same animals showed a low but significant increase of the metal. Zinc was significantly higher in the kidney of the treated rabbits but unchanged in the heart. Copper concentrations of the examined organs were not altered by exposure to cadmium.
Discussion
Arterial hypertension has been induced in rabbits by intraperitoneal injections of cadmium acetate. 18 In this investigation, however, BP and HR were not modified despite the increased AVR. This may be explained by the reduction of SV and CO related to the depressed myocardial contractility, as indicated by the decrease of dLVP/dt, LVMW, and SW. The reduction of ABF in the exposed animals may thus be referred both to lower cardiac inotropism and arterial vasoconstriction.
Since the effects of BCO and hexamethonium were not modified by exposure to cadmium, the cardiovascular actions of the metal cannot be related to afferent and postganglionic efferent baroreflex components. The lack of a significant effect on centrally mediated sympathetic tone is shown not only by the unchanged cardiovascular responses after the ganglionic blockade by hexamethonium but also by the absence of differences in the hypotensive and negative inotropic responses to clonidine. On the other hand, vagal activity was affected by cadmium since the pressor responses to vagotomy were reduced. In this respect, the increased bradycardiac effect of clonidine'9 may be related to an increase in vagal tone induced by the exposure.
Since only the pressor but not the chronotropic and inotropic responses to vagotomy were modified by cadmium, it may be inferred that the increase of vagal tone induced by the metal is associated with hypofunction of the postganglionic sympathetic nerves reaching the vasculature. This conclusion is emphasised by the fact that guanethidine, a drug that does Mechanisms of cardiovascular regulation in male rabbits chronically exposed to cadnium not cross the blood brain barrier and depletes the stores of neurotransmitter in the sympathetic endings,"0 induced lower hypotensive responses in the treated rabbits. The tyramine sensitive mechanisms, however, inducing release of noradrenaline from the peripheral sympathetic terminals,2" did not appear to be influenced by exposure to cadmium.
The effects of cadmium on systemic haemodynamics do not seem to affect the papaverine and verapamil sensitive mechanisms, located in the cardiac and vascular myocells, that contribute to the regulation of the intracellular availability of calcium ions for the contractile systems.22 Nevertheless, cardiac contractility, HR, coronary flow rate, and A-V node conductivity have been found to be reduced both in vivo 2 and in the perfused heart of Cd exposed rats,24"-26 and in the heart derived from other species27; these effects were related to cadmium induced alterations of calcium mediated or calcium activated physiological and biochemical pathways, or both, probably through a competition of the metal with calcium for membrane and intracellular sites linked with the contractile systems.28 Moreover, cadmium decreased high energy phosphate concentrations in the isolated cardiac tissue.2426 The depressed phosphorylation of the cardiac muscle, together with the centrally mediated vagal hyperactivity and postganglionic sympathetic hypofunction, may explain the reduced cardiac inotropism found in the present experiment.
In addition to the capacity of interacting with the neurogenic systems cadmium was active in modifying cardiac and vascular responsiveness to some receptor stimulating drugs. In the rabbits exposed to this element (as in rats8) there was a potentiation of the PI-and #2-adrenoceptor stimulating effects of isoprenaline at the level of myocardial and vascular smooth muscles. Furthermore, cadmium enhanced vasoconstriction after the stimulation with angiotensin I and II and opposed the serotonin induced vasodilatation and positive inotropism (these effects were not noted in Cd treated rats8). The increased AVR may in part be related to modification in the activity of the kallikrein-kinin system that acts on the kidney and on the cardiovascular system. Reduced urinary kallikrein activity was found by our group in Cd treated rats,9 10 and in male New Zealand rabbits receiving 56 pg/ml of cadmium in drinking water for 90 days29; unfortunately, in this preliminary research cardiovascular parameters were not determined.
Neither the Cd treated rabbits nor the rats8 showed cardiovascular alterations after the stimulation of the peripheral histaminergic and muscarinic cholinergic receptors. In the present investigation, however, the stimulation of the vascular a adrenoceptors by phenylephrine, provided with predominant a, adrenoceptor stimulating activity, was not reduced by exposure to cadmium, as was observed in Cd-treated rats.8 On the whole, the increased AVR may be related to cadmium induced alterations of cardiovascular mechanisms including those linked to angiotensin I and II, serotonin, and kinins.
The neurogenic, humoral, and effectorial mechanisms which may be modified by exposure to cadmium have been reviewed previously. 8 Our results show that in the rabbit the effects of cadmium on the mechanisms regulating the heart and vasculature are independent and not integrated through significant baroflex relations. In this respect the increased AVR and the reduced myocardial contractility appear to act to preserve a haemodynamic equilibrium without modification of BP, HR, MOC, and cardiac work. It cannot be excluded that a haemodynamic condition similar to that observed in the rabbits treated with cadmium may be present also in people exposed to cadmium showing BP and other cardiovascular parameters in the normal range.
An absence of alterations in the kidney and the cardiovascular system, by observation with the light microscope, was also shown in other studies of animals exposed to cadmium.30 Nevertheless, the ultrastructure of the heart of rats with long term inhalation exposure to cadmium oxide fumes has been found to be modified.3'
The renal cadmium content of the treated rabbits was higher than that generally observed in the normal populations but lower than the critical value estimated in workers exposed to the metal. 32 We did not observe an increase of renal copper, as was found in cadmium treated rats.81-0 It seems likely that copper metabolism is less affected by cadmium in rabbits than in rats, or that the kidney of rabbits contains lower or different species, or both, of metallothionein, able to bind cadmium and other elements. 33 This study confirms previous reports which have shown that cadmium produces specific and multiple effect on the cardiovascular system; however, these actions produce both differences and similarities in rats and rabbits. For this reason, data obtained from experimental animals have to be cautiously extrapolated to people exposed to cadmium, taking into account that the effects of cadmium are influenced by several variables. References
